Room temperature NH 3 absorption spectra recorded at the Kitt Peak National Solar Observatory in 1980 are analyzed. The spectra cover two regions in the visible: 15,200 -15,700 cm −1 and 17,950 -18,250 cm −1 . These high overtone rotation-vibration spectra are analyzed using both combination differences and variational line lists. Two variational line lists were computed using the TROVE nuclear motion program: one is based on an ab initio potential energy surface (PES) while the other used a semi-empirical PES. Ab initio dipole moment surfaces are used in both cases. 95 energy levels with J = 1 − 7 are determined from analysis of the experimental spectrum in the 5 ν NH (red) region and 46 for 6 ν NH (green) region. These levels span four vibrational bands in each of the two regions, associated with stretching overtones.
Introduction
There are a number of reasons why one might attempt to analyse the high resolution optical ro-vibrational spectrum of ammonia. Firstly, the spectrum of ammonia is a textbook example of high resolution molecular spectroscopy. However, for almost 70 years, the vibration-rotation spectrum of 14 NH 3 was only studied in detail at wavelengths longer than 2 μm; these spectra are assembled in comprehensive high resolution molecular spectroscopic databases such as the 2008 edition of HITRAN [1] . Only relatively recently and rather gradually has the absorption spectrum of NH 3 been successfully analyzed in the near infrared region [2] [3] [4] [5] [6] [7] [8] ; some of these data are included in the recent, 2016, release of HITRAN [9] . The spectrum of ammonia at visible wavelengths remains poorly characterized and, at best, only partially analyzed. A full review of high resolution, vibration-rotation studies of 14 NH 3 was recently provided by Al Derzi et al. [10] as part of their MARVEL (measured active rotation-vibration energy levels) study of the molecule.
Secondly, there is renewed interest in the spectrum of ammonia caused by attempts to analyze spectra of brown dwarfs [11] , and in particular the fact that the coldest of these object, Y-dwarfs, should be characterized by strong ammonia features [12, 13] , but possibly are not. Nonetheless, detailed ammonia spectra have been assigned in brown dwarfs [11] . The discovery of the exoplanets, and especially the use of the transit method to observe molecular spectra [14] , has led to discussions on the presence of ammonia in these objects too [15, 16] . Water and methane are essential to the characterization of exoplanetary spectra. However, ammonia may be a "mind-marker" as ammonia is the most-manufactured molecule on Earth and is also a major byproduct of intensive agriculture, and hence a possible sign of intelligent life. Ammonia is among a number of molecules being actively discussed as a possible bio-marker [17, 18] . Ammonia has recently been detected in the atmosphere of a hot Jupiter exoplanet [19] .
Thirdly, the umbrella motion in NH 3 is a classic example of a molecule undergoing a large amplitude motion. The effect of this motion on the energy levels in the system has been the subject of recent careful analysis [20] . However, the corresponding energy levels for higher states remain unknown. The spectrum of ammonia remains hard to calculate accurately and to analyse [21] this unusual umbrella motion. This is especially true for states of high vibrational excitation such as those found in its visible spectrum.
Finally, transitions at visible wavelengths provide a pathway to the study of the spectrum of ammonia up to and beyond dissociation. For the isoelectronic water molecule, the use of multipleresonance visible-wavelength spectra has provided a direct route to dissociation [22] and beyond [23] .
In fact, visible wavelength spectra have been available for some time. Ammonia lines in this region were observed at Kitt Peak in 1980, but remained unanalyzed; see next section. This work was directly followed by dye laser experiments by Kuga et al. [24] and microwave-detected microwave-optical double resonance studies by Coy and Lehmann [25] [26] [27] . About 10 0 0 ammonia transitions in the 15,260 -15,590 cm −1 region were measured by Kugu et al. [24] using Stark modulation with 193 of them being given rotation assignments. Coy and Lehmann [25] recorded visible ammonia spectra around 15,450 and 18,110 cm −1 with both photoacoustic absorption and microwave-optical double resonance spectra techniques. Again rotational assignments, only, were given for 318 and 105 lines respectively in the two regions. These partial (rotational) assignments do not supply information on the upper vibrational state. It is only very recently, with the advent of high quality ab initio studies, that vibrational assignments have begun to emerge e.g . [28] .
This paper is organized as follows. Section 2 provides a description of the Kitt Peak observation of ammonia in the optical region. Section 3 presents our analysis of this spectrum and Section 4 compares the results with those of previous studies. Conclusions are made in Section 5 . Table 2 Observed ammonia energy levels, in cm −1 , in the 5 ν NH region: also given are the calculated values with both the ab initio (ai) and refined (ref) PESs, the observed minus calculated (o-c) residues and error in the combination difference (CD). 
Experimental observation of ammonia spectra
The two ammonia spectra were recorded with the McMath-Pierce Fourier transform spectrometer (FTS) of the National Solar Observatory at Kitt Peak. The red spectrum centered at 647 nm was recorded on April 6, 1980 by C. de Bergh, R. Hubbard and J. Brault (80 0406R0.0 07 in the archive). The ammonia sample was held in a White-type multireflection cell with a base path length of 6 m. The cell was set for 72 passes (432 m total path length) and the sample had a pressure of 7.8 Torr at room temperature (20.6 °C). The FTS used the Visible beamsplitter (fused silica with a silver coating), silicon photodiode detectors and a quartz halogen lamp as a light source. The optical bandpass was set to 15200-15700 cm −1 with an OG570 color filter and a tilted Corion 660 nm bandpass filter. Forty scans were co-added in 5 h of integration at a resolution of 0.024 cm −1 .
The green spectrum centered at 551 nm was recorded on April 7, 1980 by C. de Bergh, J. Brault and D. Jennings (80 0407R0.0 01 in the archive) with a similar experimental arrangement. The sample had a pressure of 10.88 Torr at room temperature (21.5 o C). The optical bandpass was set to 17950-18250 cm −1 with a tilted Corion 560 nm bandpass filter. Thirty-six scans were co-added in 4.5 h of integration at a resolution of 0.034 cm −1 .
The spectra are shown in Fig. 1 ; they were analyzed by creating a baseline and calculating transmission spectra. The spectra were fitted to create line lists containing the line position and an arbitrary intensity for each feature. The line positions were calibrated (using HITRAN [29] ) based on water absorption lines in two lower spectral regions recorded in the same run under similar conditions, and the same calibration factor has been applied to all line lists. The line lists are given as supplementary data to this paper.
Spectral analysis
The ammonia absorption spectra were recorded at room temperature in the 15,200 -15,700 cm −1 and 17,950 -18,250 cm −1 regions. These regions are the ones with the strongest ammonia absorption; the strongest lines belong to pure stretching overtone excitations of ν 1 and ν 3 .
At T = 296 K, our spectrum in the 15,0 0 0 cm −1 region contains 1069 lines stronger than 5 × 10 −26 cm/molecule and 550 lines in the 18, 0 0 0 cm −1 region stronger than 10 −26 cm/molecule. Analysis of the spectra was based on two variational line lists. The two line lists differ in the potential energy surface (PES) employed: ab initio [28] and semi-empirical [30] , but used the same ab initio dipole moment surface (DMS) [31] in both cases. The resulting differences in calculated band centers and band intensities are shown in Table 1 , where we have used a DMS specifically produced to be accurate at high frequencies.
Both the DMS used in the assignments, and that used to calculated band intensities will be discussed elsewhere [30] . Spectra were calculated using the variational nuclear motion program TROVE [32, 33] , which has been especially adapted to treat ammonia [34] .
234 and 107 lines are assigned in the respective regions, mostly using the method of combination differences. The six strongest lines in 15,0 0 0 cm −1 region were assigned by direct comparison with the variational line list on the basis of comparing theoretical and experimental frequencies and intensities. These assignment lead to determination of 95 and 46 energy levels in 5 ν NH and 6 ν NH regions, respectively. Our line list predicts a line about every 0.1 cm −1 , but the standard deviation of differences between observed frequencies and experimental levels is only 0.003 cm −1 for the 5 ν NH and 0.006 cm −1 for the 6 ν NH regions, which means that combination differences provides a reliable means of identifying transitions. Table 2 presents the experimentally-derived energy levels for ν NH = 5 states of 14 NH 3 , together with their rotational quantum number J and K assignment. The vibrational assignments are taken from the TROVE line lists. Vibrational assignments use standard normal-mode style quantum numbers [35] . While they were informed by the quantum numbers provided by TROVE, which uses its own convention, they were largely determined by energy values and symmetry. The difference between combination differences derived from the experimental lines of this work and the known ground states presented in the MARVEL database [10] is ususally less than 0.001 cm −1 . This practically excludes the possibility of fortuitous coincidences and confirms the various assignments. The assigned Table 3 Observed ammonia energy levels, in cm −1 , in the 6 ν NH region also given are the calculated values with both the ab initio (ai) and refined (ref) PESs, the observed minus calculated (o-c) residues and error in the combination difference (CD). lines confirmed by combination differences and the corresponding experimentally-derived energy levels opens the way to assigning further lines without confirmation via combination differences. The observed minus calculated residuals given in the Tables 2 and  3 show that the discrepancy between calculated and experimentally derived levels is large but stable. This information can be used for assignment of the higher J and K lines in the future using the method of branches [36] .
Comparison with previous work
Both Kuga et al. [24] and Coy and Lehmann [25] [26] [27] measured ammonia spectra at visible wavelengths. However only Coy and Lehmann published some of their actual line data and we compare with these below. In both cases the two sets of experimental wavenumbers are in good agreement. Coy and Lehmann give rotational assignments but did not attempt vibrational assignments. Our study gives full assignments which were obtained, as described above, independent of previously published results. Table 4 compares the 42 lines presented by Coy and Lehmann [25] with our results. Our assignments suggest that Coy and Lehmann's spectra probed several upper vibrational states. However, there is good agreement between our rotational assignments and theirs: our assignments agree for 35 out of the 42 lines partially assigned by Coy and Lehmann. We have not assigned most of the other matching lines. Table 5 compares our results with those of Coy and Lehmann [25] for the 18,0 0 0 cm −1 region. The agreement between the assignments is less good with our work only confirming 7 of the 14 rotational assignments given by Coy and Lehmann. For these assigned lines we are also able to provide vibrational assignments.
Conclusion
We have analyzed the room-temperture absorption spectrum of ammonia in red (15,0 0 0 cm −1 ) and green (18,0 0 0 cm −1 ) spectral regions recorded using a long pathlength FT spectrometer. Assignment of strong lines on these two regions is made up to J = 7 . The majority of the remaining unassigned lines probably belong to states with higher rotational quantum numbers. The assignments were made using room-temperature ammonia line lists calculated with both an ab initio PES and a PES refined to experimental energy levels. An ab initio DMS has been used in the both line lists. As the spectral region analysed in this work represents extrapolation to high energies from known ammonia spectra (the highest conventional FTS spectra of ammonia analysed as yet is in the 1 μm region [37] ), quite large discrepancies between the observed and calculated energy levels are obtained. In particular, differences of 13 cm −1 for the 15,0 0 0 cm −1 region and about 25 cm −1 for 18,0 0 0 cm −1 region are found for our ab initio predictions. However this difference is largely due to use of a less well-converged basis set in the line list calculations. Significantly smaller discrepancies are observed for the better converged values of ab initio calculations presented previously [28] .
Our assigned optical spectra of ammonia, which are given in the supplementary data, represent a significant expansion of the known spectral position of NH 3 lines. It provides a sound basis for the observation and analysis of the multiple resonance spectra of ammonia towards higher vibrational stretching states with ν NH = 7, 8 and higher up to dissociation. The way to this using two and three photon techniques has been demonstrated for water [38] [39] [40] . The highly excited stretching energy levels of water, derived from these papers, were used in the fit of the water PES to the experimental data. The resulting global water PES provided the means to compute the first complete water line list, which included every rovibrational bound state [41] . The present study of the optical spectrum of ammonia represents an important step towards the goal of calculating a complete line list for ammonia.
